Data are available from the Polish Vegetation Database <https://doi.org/10.5586/asbp.2012.014>.

Introduction {#sec001}
============

Semi-natural grasslands are among the most endangered ecosystems in Europe owing to alterations in land management \[[@pone.0197363.ref001]\]. Grasslands have traditionally been managed by mowing or grazing, or alternatively by the application of these two management systems simultaneously \[[@pone.0197363.ref002]\]. However, since the late 20th century, semi-natural grasslands have been losing their economic importance as a consequence of decreased demand for hay and smaller numbers of livestock. Consequently, vast areas of agricultural land in Europe, including grasslands, have been abandoned \[[@pone.0197363.ref003],[@pone.0197363.ref004]\]. The remaining high-diversity grasslands are often protected by statutory designations that require extensive management regimes. Species-rich intermittently wet meadows are an example of the habitats thus protected. These meadows support many rare species and high floristic diversity, and as a result, are included in the Natura 2000 network. In addition, they are often protected under EU-based agri-environmental scheme agreements that are designed to maintain the farming practices under where these specific vegetation types have developed.

A host of studies have reported that semi-natural grasslands are vulnerable to changes in management practises \[[@pone.0197363.ref002],[@pone.0197363.ref005],[@pone.0197363.ref006]\]. These particularly refer to the ecologically balanced grassland ecosystems in which ecological processes generally play a key role in regulating species composition and structure of vegetation. Extensive mowing enables the existence of plant species adapted to different levels of biomass removal, thus generating high species diversity. In contrast, cessation of management in semi-natural grasslands triggers secondary succession and leads to progressive changes in species composition and the structure of the vegetation stand. Consequently, cessation of suitable agricultural management results in succession towards shrub-dominated communities or, at longer time-scales, to tree-dominated communities \[[@pone.0197363.ref007]\]. Lack of management of semi-natural grasslands reduces species diversity through competitive exclusion \[[@pone.0197363.ref008]\], reduced light availability and litter accumulation suppressing recruitment of seedlings \[[@pone.0197363.ref009]\]. Moreover, early-successional grasslands are often invaded by highly competitive alien species that outcompete the native components of vegetation \[[@pone.0197363.ref010]\].

Species composition in grasslands is determined by complex ecological processes that involve both biotic and abiotic factors \[[@pone.0197363.ref011],[@pone.0197363.ref012]\]. Studies comparing the relative importance of abiotic conditions and management practises present conflicting views regarding which factors most strongly impact plant species composition. On one hand, site-specific soil factors are indicated as the most important predictors of species composition \[[@pone.0197363.ref013]--[@pone.0197363.ref015]\], while other reports suggest greater importance of current management practises \[[@pone.0197363.ref016]\]. Therefore, it is essential to clarify the relative impact of environmental and management factors on species composition in different grassland ecosystems, as well as to assess the combined effects of these factors. Little is known about the interactions between soil and management factors on the species composition and soils physico-chemical properties in grassland systems. An important question that remains unanswered is whether successional changes in species composition are reflected by changes in soil properties \[[@pone.0197363.ref017]--[@pone.0197363.ref019]\]. The issue of changes in grassland soils has been widely studied, particularly regarding the impact of grazing intensity and fertilisation on nutrient cycling \[[@pone.0197363.ref020]\], as well as the effect of different mowing regimes on soil physico-chemical properties \[[@pone.0197363.ref002]\]. Long-term mowing is often expected to decrease the availability of nutrients in the soil, particularly potassium \[[@pone.0197363.ref021]\], nitrogen and phosphorus \[[@pone.0197363.ref022],[@pone.0197363.ref023]\], owing to the export of nutrients with the harvested biomass. On the other hand, nutrient impoverishment in grassland soils due to biomass extraction has not been found by other researchers \[[@pone.0197363.ref024]\]. Conflicting findings from different studies suggest that nutrient recycling processes are case dependent and may be strongly related to vegetation type, past land use and pedoclimate. The effects of land abandonment on soil physico-chemical properties have not been sufficiently examined thus far, especially in extensively and late-harvested lowland grassland systems.

The aim of this study is two-fold. In the first step, we attempt to investigate the relative impact of management and soil physico-chemical properties on plant species composition patterns. Henceforth, every mention of the word management refers to mown versus unmown. In the second step, we attempt to investigate the effect of cessation of mowing on vegetation composition, diversity and richness in *Molinion* meadows. We hypothesised that soil properties and management significantly influence species composition patterns and have a strong shared effect. The causality between vegetation composition, soil properties and management was assessed using the variation partitioning method \[[@pone.0197363.ref025]\]. We also put forward the hypothesis that cessation of mowing influences soil physico-chemical properties through succession-related changes in vegetation composition during the early stage of succession. To test our hypotheses, we analysed meadow sites adjacent to each other containing the same vegetation type but with differing management practises. Two different management patterns were differentiated within the study area based on previous long-term observations of the study area: i) meadows mown once every two years towards the end of summer and ii) sites abandoned for 10 years with substantial successional changes \[[@pone.0197363.ref026]\]. The underlying assumption is that these sites were originally uniform in terms of species composition patterns and soil properties and the expected differences are solely due to abandonment. As it has been stressed in the literature, a comparative study design is a good tool for evaluating temporal changes in vegetation composition and structure, given that the compared sites represent subsequent stages in a temporal series of the same habitat type \[[@pone.0197363.ref027]\].

Materials and methods {#sec002}
=====================

Study area {#sec003}
----------

The study area is in south-western Poland in the Natura 2000 site 'Zagórzyckie Łąki' (N 51°15′24,8″, E 16°33′24,9″) ([Fig 1](#pone.0197363.g001){ref-type="fig"}). It is situated in the lowlands with an elevation range of 105--125 m above sea level. The average annual precipitation is 600 mm, with a mean annual temperature of 8.5° C \[[@pone.0197363.ref028]\]. The study site comprises 36 ha of permanent grasslands covered with vegetation of the alliance *Molinion caeruleae* Koch 1926, which corresponds to Natura 2000 habitat type 6410. Two types of management patterns were differentiated within the study area based on long-term observations of the study area. More than half of the study area (ca. 60%) is currently managed by mowing once every two years towards the end of summer without application of fertilizers or manure. The other parts are no longer managed and have been undergoing secondary succession for about 10 years. The entire area was homogenous regarding vegetation type prior to land abandonment. Even after ten years of abandonment, vegetation found in unmown sites bear a strong floristic resemblance to the adjacent mown meadows \[[@pone.0197363.ref026]\]. These meadows had been used for hay making for several decades before the abandonment. The dominant species for mown sites, in descending order according to their cover, were *Calamagrostis epigejos*, *Molinia caerulea*, *Galium boreale*, *Festuca rubra*, *Sanguisorba officinalis*, *Filipendula ulmaria*, *Stachys officinalis*, *Carex acutiformis*, *Ranunculus repens* and *Alopecurus pratensis*. The dominant species for unmown sites were *Solidago gigantea*, *Molinia caerulea*, *Alopecurus pratensis*, *Festuca rubra*, *Calamagrostis epigejos*, *Filipendula ulmaria*, *Galium boreale*, *Stachys officinalis*, *Frangula alnus* (shrub), and *Carex acutiformis*. Full list of species and their frequency and mean cover in mown and unmown sites is given in [S1 Table](#pone.0197363.s001){ref-type="supplementary-material"}.

![Distribution of sampling plots in the study area.](pone.0197363.g001){#pone.0197363.g001}

Vegetation sampling {#sec004}
-------------------

Vegetation data on vascular plants was obtained from 5 x 5 m plots selected randomly (97 plots) and by systematic sampling (103 plots) with a fixed distance between plots: 65 m in the north-south gradient and 50 m in the east-west gradient. The combined sampling design made it possible to record a large gradient of environmental conditions and vegetation variability in the studied meadow complex and mitigate against the limitations of these two sampling methods \[[@pone.0197363.ref026],[@pone.0197363.ref029]\]. The Braun-Blanquet seven-point scale was used for visual estimation of plant cover in each plot \[[@pone.0197363.ref030]\]. In total, 200 plots were sampled, 120 in the mown area and 80 in the unmown area.

Soil sampling and chemical analyses {#sec005}
-----------------------------------

To characterise soil chemical parameters, we collected five subsamples of topsoil with a 25-mm diameter soil auger from each of our 200 plots at a depth of 10-cm following the removal of the upper undecomposed layers. One core was taken at each corner and one core in the middle of the plot. The subsamples from each plot were then mixed to form a bulk sample for chemical analysis. Soil samples were air-dried and sifted through a 2-mm-mesh sieve before chemical analysis. Physico-chemical analyses were performed in accordance with the methods proposed by Allen \[[@pone.0197363.ref031]\] and Radojević and Bashkin \[[@pone.0197363.ref032]\]. Loss-on-ignition as a rough measure of soil organic matter (SOM) was determined by igniting 2g of soil in a muffle furnace at 600°C for 6 hours and then cooling overnight. Soil pH was determined potentiometrically in distilled water. The content of total nitrogen (N) was determined by the Kjeldahl method. The presence of soluble phosphorus (P) was determined colorimetrically after extracting the soil with 0.5 M sodium bicarbonate solution (pH 8.5). Exchangeable forms of potassium (K), calcium (Ca) and magnesium (Mg) were extracted with 1M ammonium acetate (pH 7.0) and determined using a spectrometer (Varian SpectrAA 200) operating in the emission mode for K and Ca and atomic absorption mode for Mg. Moisture content in the soil was measured using a portable LB-797 moisture meter (LAB-EL Electronics Laboratory, Poland) in August, which is in the dry season, on a day when no rain had fallen for at least seven days prior, which has been evaluated by checking the weather on a daily basis. The measured moisture content thus represents close to the maximum dryness of the soil. Five moisture measurements were taken from the topsoil of each plot and the obtained values were averaged to express the percentage moisture of soil for a given site. Our measurements of moisture content provided only a snapshot of soil humidity, as a result we additionally calculated the average values for moisture based on Ellenberg indicator values (EIVm) for each plot \[[@pone.0197363.ref033]\], which integrate both groundwater level and soil moisture content \[[@pone.0197363.ref034]\].

Data analysis {#sec006}
-------------

We used a mid-percentage value on the seven-point Braun-Blanquet scale for the further analyses \[[@pone.0197363.ref030]\]. The non-parametric Mann--Whitney U test was used to analyse the differences in vegetation attributes between mown and unmown sites (the number of permutation was set to 999). These attributes included species richness (per sample unit), alpha diversity (expressed according to the Shannon--Wiener index), and qualitative and quantitative proportions of plant functional groups. The functional groups were i) monocots, ii) dicots, iii) woody species (\>0.5 m in height) and iv) invasive species. The non-parametric Mann--Whitney U tests was used to overcome problems of non-normal distributions. In the analysis of invasive species, we included only *Solidago gigantea*. Other invasive species were very scarce at the study site and were therefore excluded from the analysis.

To analyse the impact of soil and management factors on species composition we used redundancy analysis (RDA). Prior to performing the analysis, potential explanatory variables were tested for collinearity \[[@pone.0197363.ref035]\]. Based on the outcome of this test, all explanatory variables were used in the analysis. Percentage cover values of plant species were transformed using the Hellinger method \[[@pone.0197363.ref036]\]. Additionally, rare species (i.e. species with frequency less than 5% in the whole data set) were excluded from ordination analysis as rare species may have excessive influences on ordination results. We quantified the relative impact of soil properties and management practices on species composition using the variation partitioning method \[[@pone.0197363.ref025]\]. The significance of each term in the model was tested using the randomisation test with 999 permutations, but excluding the shared effect that cannot be tested for significance \[[@pone.0197363.ref037]\]. Adjusted coefficient of determination (R^2^~adj~) was used as the measure of the ratio of the explained variation to the total variation. The variation partitioning method enables the decomposition of variation into different variables or groups of variables i) direct (independent) effect, ii) as well as the estimation of the shared effect. The degree of variation in species composition that each soil variable independently explained was determined by partialling out the effects of all other soil variables. For testing the direct effect of a single soil variable (for example pH) on species composition we excluded all the other soil variables from the model and used pH as predictor and management practise co-variable. The same logic was applied to test direct effect of management where it was used as predictor and pH as co-variable. The direct effect of soil and management factors was then analysed for all variables of the same category.

For a more specific insight into how abandonment changed soil physico-chemical properties, we tested whether pH, moisture, SOM, N, P, K, Ca and Mg differed between mown and unmown sites. The values for soil variables deviated from the normal distribution in most cases, therefore nonparametric methods were used. For a comparison of medians, the Mann--Whitney U test was applied (with 999 permutations). Separate general linear models were constructed to analyse the impact of management practises on soil physico-chemical properties with a single soil parameter as dependent variable and management as predictor. The significance of the effects was tested by Monte Carlo permutation (with 999 permutations). In order to find components of vegetation related to changes in soil physico-chemical parameters we used Spearman-rank correlation where the correlation between abundance (percentage cover) of selected functional plant groups and the content of measured soil parameters was calculated. All statistical analyses were performed in R statistical software ([http://www.r-project.org](http://www.r-project.org/)). The ordination biplot of RDA was visualized by Canoco 5 \[[@pone.0197363.ref038]\]. The nomenclature of taxa follows Euro+Med PlantBase (<http://ww2.bgbm.org/EuroPlusMed/>).

Results {#sec007}
=======

The study site hosts a high diversity of vascular plant species. In total, 250 plant species were recorded in the study area, of which 180 were dicots and 70 were monocots. More specifically, 220 (153 dicots and 67 monocots) species and 206 (151 dicots and 55 monocots) species were found in mown and unmown sites, respectively. The numbers of species per plot, as well as the Shannon--Wiener index, were significantly higher in mown sites than in unmown sites ([Table 1](#pone.0197363.t001){ref-type="table"}). Mown sites had also significantly higher numbers and higher mean cover levels of monocotyledon and dicotyledonous species than in unmown sites, but lower numbers and lower mean cover levels of woody species and invasive species (*Solidago gigantea*). Abundances of woody species and invasive species were the variables most strongly affected by abandonment, with more than four-fold increase in mean cover.

10.1371/journal.pone.0197363.t001

###### Comparison of vegetation parameters estimated from mown and unmown sites.

![](pone.0197363.t001){#pone.0197363.t001g}

  ------------------------------------------------------------------------------------------------------------
                                                           mown\         unmown\       Mann--Whitney U test\
                                                           (mean ± SD)   (mean ± SD)   (*p*-value)
  -------------------------------------------------------- ------------- ------------- -----------------------
  Number of species                                        39.6 ± 8.6    34.5 ± 9.7    0.001

  Shannon-Wiener                                           3.0 ± 0.4     2.7 ± 0.5     0.001

  Monocots number                                          13.0 ± 4.2    10.6 ± 4.8    \<0.001

  Monocots cover (%)                                       55.7 ± 16.2   48.4 ± 19.3   0.007

  Dicots number[^1^](#t001fn001){ref-type="table-fn"}      25.8 ± 6.0    22.1 ± 6.1    \<0.001

  Dicots cover[^1^](#t001fn001){ref-type="table-fn"} (%)   60.6 ± 13.7   50.9 ± 15.6   \<0.001

  Woody number[^2^](#t001fn002){ref-type="table-fn"}       0.7 ± 0.9     1.8 ± 1.6     \<0.001

  Woody cover[^2^](#t001fn002){ref-type="table-fn"} (%)    2.7 ± 7.0     12.9 ± 20.6   \<0.001

  *Solidago* cover (%)                                     3.3 ± 9.3     14.2 ± 24.4   0.001
  ------------------------------------------------------------------------------------------------------------

^1^excluding woody species in shrub and tree layer

^2^excluding shrubs and trees in herb layer (seedlings and juveniles).

The two groups of explanatory variables (soil properties and management) included in the RDA model accounted for 10% of the total explained variation in species composition. Partitioning the variation of compositional data revealed that the largest fraction was attributable to the variation in soil variables, which explained about four times as much variation in species composition than management did ([Table 2](#pone.0197363.t002){ref-type="table"}). The shared effect of soil and management variables accounted for 0.19% of the total variation in species composition ([Table 2](#pone.0197363.t002){ref-type="table"}). The RDA model revealed that each individual soil factor significantly affected species composition after partialling out the effects of other variables. The variation in species composition was best explained by Ca and pH, followed by Mg, SOM, moisture, K, N and P. After controlling for the effects of individual soil variables, only pH and Ca had higher independent explanatory power than the independent effect of management. In all other cases, the direct effect of management on species composition was stronger than that of any single soil variable. The impact of soil parameters and management on species composition was visualized on the RDA ordination diagram representing shared effects of both explanatory groups of variables ([Fig 2](#pone.0197363.g002){ref-type="fig"}).

![Ordination biplot of redundancy analysis (RDA) representing shared effects of two groups of explanatory variables (soil properties and management).\
Species data were related to the management (triangles) and soil variables (arrows). 25 best fitted species are plotted. The portion of variance explained by the respective axis is given in the axis title. See [Table 2](#pone.0197363.t002){ref-type="table"}. for detailed results of the variation partitioning. Red coloured species (invasive species); purple coloured species (woody species); green coloured species (monocots), black coloured species (dicots). Species labels: Agrcap = *Agrostis capillaris*, Agreup = *Agrimonia eupatoria*, Arrela = *Arrhenatherum elatius*, Carfil = *Carex filiformis*, Carhir = *Carex hirta*, Cenjac = *Centaurea jacea*, Cerfon = *Cerastium fontanum* subsp. *vulgare*, Cirarv = *Cirsium arvense*, Circan = *Cirsium canum*, Cnidub = *Cnidium dubium*, Dacglo = *Dactylis glomerata*, Fesrub = *Festuca rubra*, Filvul = *Filipendula vulgaris*, Galbor = *Galium boreale*, Latpra = *Lathyrus pratensis*, Lotuli = *Lotus uliginosus*, Ophvul = *Ophioglossum vulgatum*, Phlpra = *Phleum pratense*, Plalan = *Plantago lanceolata*, Potere = *Potentilla erecta*, Querrob = *Quercus robur*, Ranaur = *Ranunculus auricomus*, Ranrep = *Ranunculus repens*, Silsil = *Silaum silaus*, Solgig = *Solidago gigantea*.](pone.0197363.g002){#pone.0197363.g002}

10.1371/journal.pone.0197363.t002

###### Variation partitioning among direct and shared effects of soil variables and management explaining variation in species composition.

![](pone.0197363.t002){#pone.0197363.t002g}

  soil variables   adjusted coefficient of determination R^2^~adj~ (%) for          
  ---------------- --------------------------------------------------------- ------ ---------------------------------------------
  pH               2.69[\*\*](#t002fn003){ref-type="table-fn"}               0.00   2.23[\*\*](#t002fn003){ref-type="table-fn"}
  Moisture         1.81[\*\*](#t002fn003){ref-type="table-fn"}               0.00   2.16[\*\*](#t002fn003){ref-type="table-fn"}
  SOM              1.85[\*\*](#t002fn003){ref-type="table-fn"}               0.21   1.88[\*\*](#t002fn003){ref-type="table-fn"}
  N                0.80[\*\*](#t002fn003){ref-type="table-fn"}               0.18   1.91[\*\*](#t002fn003){ref-type="table-fn"}
  P                0.36[\*](#t002fn002){ref-type="table-fn"}                 0.05   2.04[\*\*](#t002fn003){ref-type="table-fn"}
  K                1.04[\*\*](#t002fn003){ref-type="table-fn"}               0.00   2.34[\*\*](#t002fn003){ref-type="table-fn"}
  Ca               2.71[\*\*](#t002fn003){ref-type="table-fn"}               0.17   1.92[\*\*](#t002fn003){ref-type="table-fn"}
  Mg               1.80[\*\*](#t002fn003){ref-type="table-fn"}               0.10   1.99[\*\*](#t002fn003){ref-type="table-fn"}
  All variables    7.91[\*\*](#t002fn003){ref-type="table-fn"}               0.19   1.90[\*\*](#t002fn003){ref-type="table-fn"}

Significance codes

\* p≤0.05

\*\* p≤0.001.

Significant differences in the content of moisture, SOM, N, K, Ca and Mg were found between mown and unmown sites ([Table 3](#pone.0197363.t003){ref-type="table"}). The contents of these soil parameters were significantly higher in mown than in unmown sites, except pH and P. Although there was a significant difference in measured contents of moisture, the Mann--Whitney U test did not reveal differences in moisture calculated from species composition using EIVm (EIVm for mown sites = 6.2; EIVm for unmown sites = 6.1; p = 0.122). The RDA model revealed that changes in soil parameters are, to a large extent, attributable to the management. Of the soil physico-chemical parameters, SOM was the most affected parameter followed by moisture, Mg, Ca, K and N.

10.1371/journal.pone.0197363.t003

###### Comparison of soil physico-chemical parameters between mown and unmown sites and the effect of management on soil parameters.

![](pone.0197363.t003){#pone.0197363.t003g}

  ----------------------------------------------------------------------------------------------------------
  Soil\          i\) Differences in soil parameters   ii\) Effect of management\                     
  parameters                                          on soil parameters                             
  -------------- ------------------------------------ ---------------------------- --------- ------- -------
  pH             5.4 ± 0.5                            5.5 ± 0.5                    0.097     1.12    0.078

  Moisture %     18.1 ± 5.3                           14.7 ± 3.9                   \<0.001   10.30   0.001

  SOM %          10.0 ± 3.6                           7.1 ± 2.0                    \<0.001   17.42   0.001

  N total %      0.4 ± 0.2                            0.3 ± 0.2                    \<0.001   4.04    0.003

  P mg kg^-1^    13.5 ± 4.5                           13.9 ± 5.5                   0.733     0.00    0.587

  K mg kg^-1^    80.3 ± 41.7                          61.7 ± 28.1                  \<0.001   5.35    0.001

  Ca mg kg^-1^   1456.4 ± 792.2                       1080.5 ± 467.5               \<0.001   6.40    0.001

  Mg mg kg^-1^   511.7 ± 281.1                        350.5 ± 152.4                \<0.001   9.54    0.001
  ----------------------------------------------------------------------------------------------------------

i\) Differences in soil parameters between mown and unmown sites tested by Mann--Whitney U test. ii) The effect of management on soil parameters was explored by general linear model.

The content of SOM was negatively correlated with the abundance of woody species ([Table 4](#pone.0197363.t004){ref-type="table"}). A significant negative correlation was also found between the abundance of this plant functional group and other soil parameters. A statistically significant but weak negative Spearman rank correlation was found between the abundance of *Solidago gigantea* and soil properties.

10.1371/journal.pone.0197363.t004

###### Relationships (Spearman rank correlations) between abundances of functional species groups and soil parameters.

![](pone.0197363.t004){#pone.0197363.t004g}

                        SOM                                               Moisture                                          N                                                 K                                             Ca                                                Mg
  --------------------- ------------------------------------------------- ------------------------------------------------- ------------------------------------------------- --------------------------------------------- ------------------------------------------------- -------------------------------------------------
  Woody plants          -0.459[\*\*\*](#t004fn004){ref-type="table-fn"}   -0.319[\*\*\*](#t004fn004){ref-type="table-fn"}   -0.400[\*\*\*](#t004fn004){ref-type="table-fn"}   -0.162[\*](#t004fn002){ref-type="table-fn"}   -0.432[\*\*\*](#t004fn004){ref-type="table-fn"}   -0.376[\*\*\*](#t004fn004){ref-type="table-fn"}
  *Solidago gigantea*   -0.185[\*\*](#t004fn003){ref-type="table-fn"}     -0.141[\*](#t004fn002){ref-type="table-fn"}       -0.141[\*](#t004fn002){ref-type="table-fn"}       -0.020 n.s.                                   -0.169[\*](#t004fn002){ref-type="table-fn"}       -0.146[\*](#t004fn002){ref-type="table-fn"}

The asterisks denote probability levels

\* p\<0.05

\*\* p\<0.01

\*\*\* p\<0.001; n.s., not significant.

Discussion {#sec008}
==========

Changes in vegetation characteristics {#sec009}
-------------------------------------

Our study shows that a 10-year cessation of mowing leads to substantial changes in quantitative proportions of plant functional groups, diversity expressed as Shannon--Wiener index, and species richness per sampling unit, yet the total number of species (the pooled number of species) was not strongly affected by abandonment. This result shows that grassland species may persist in an abandoned grassland for quite a long time after the cessation of agricultural use, though they disappear from large proportions of the habitat \[[@pone.0197363.ref007]\]. Our results show that plant groups most affected by cessation of mowing were woody species and invasive species (*Solidago gigantea*) with more than four-fold increase in mean cover. One of the major drivers of the biodiversity in grasslands is the response of dominant species to change in management practises \[[@pone.0197363.ref039]\]. Previous studies reported that lowland grasslands are particularly susceptible to invasion by neophytes \[[@pone.0197363.ref010],[@pone.0197363.ref040]\] and expansion of woody species after the cessation of agricultural use \[[@pone.0197363.ref007]\], which is also supported by our findings.

We showed that the number of plant species per plot and the average species diversity significantly decreased after 10 years of abandonment. The observed decrease in species richness and plant diversity is consistent with previous studies investigating successional changes over similar durations of abandonment \[[@pone.0197363.ref006],[@pone.0197363.ref041]\]. Our results also suggest that extensive management in the form of late mowing once every two years does not fully prevent *Solidago gigantea* encroachment into lowland grassland systems, but does considerably hamper its growth and reproduction. Moderate expansion of *Solidago species* into extensively mown grasslands has also been reported \[[@pone.0197363.ref042]\]. Periodic management by occasional cutting (once a few years), which is considered a pro-conservation alternative to total abandonment \[[@pone.0197363.ref006],[@pone.0197363.ref043]\] might be the optimal management practice in lowland grasslands. It is reasonable to presume that the expansion rate of invasive species will increase immediately after cessation of mowing in extensively used grasslands, therefore, agri-environmental policies should be aware of this risk.

Relative importance of soil properties and management {#sec010}
-----------------------------------------------------

The amount of variation in species composition explained by all variables included in the model was quite small when compared with the results of previous studies that included a broad array of environmental, land use and topography-related factors across large gradients of semi-natural vegetation types in the landscape \[[@pone.0197363.ref013],[@pone.0197363.ref044]\]. It was rather expected that the amount of variation explained in species composition would be smaller when considering a narrow environmental gradient. The two groups of variables (soil properties and management) included in the model differed considerably in their ability to explain variation in species data. Decomposition of the explained variation reveals the high importance of soil properties and the relatively small impact of recent abandonment on species composition. Our results support the view that plant species composition in grasslands is largely determined by site-specific abiotic conditions, while management has a smaller impact \[[@pone.0197363.ref013]\]. It is concluded that in extensively used grasslands, the abiotic site conditions are of utmost importance. The impact of abandonment on species composition might, however, become more important in the longer-term with the progressing succession of vegetation. Among soil variables, Ca and pH were the most important predictors of plant species composition. Similarly, these two factors are the most important determinants of species composition in *Molinion* meadows in Slovenia \[[@pone.0197363.ref045]\]. Soil pH and Ca concentration are among the most important factors controlling plant species composition, as both affect nutrient availability and uptake. A notable finding is that, after partialling out the effects of all soil variables, management has a higher explanatory power than does any soil variable alone with the exceptions of pH and Ca. This shows that the impact of soil parameters on species composition has an interactive rather than an individualistic nature. The underlying explanation is that the different species use nutrients in many ways, particularly in diverse ecosystems where different species specialise in specific resources \[[@pone.0197363.ref046]\].

Contrary to our hypothesis, the shared effect of soil properties and management on species composition was only a small fraction of explained variance \[[@pone.0197363.ref043],[@pone.0197363.ref047]\]. This suggests that soil and management factors explain specific but different aspects of species composition variation \[[@pone.0197363.ref048]\]. On the other hand, species distribution patterns are governed to a large extent by stochastic processes such as plant-plant interactions, especially at fine spatial scales \[[@pone.0197363.ref049]\]. Considering the complexity of ecological processes, finding mutual relationships between soil properties and management practises effects with the variation partitioning method is challenging or even practically unfeasible, at least at a fine spatial scale.

Impact of management on soil properties {#sec011}
---------------------------------------

The results show that management can markedly influence soil properties. An important finding from this study was that mown sites were more nutrient-rich compared to unmown sites. Note, however, that both sites have a low nutrient status, which is comparable to that reported from *Molinion* meadows in Slovenia \[[@pone.0197363.ref045]\]. As reported previously, decrease in plant-available concentrations of K in the soil is usually observed in grasslands cut for hay \[[@pone.0197363.ref021],[@pone.0197363.ref050],[@pone.0197363.ref051]\]. However, impoverishment in plant-available N and P, as a result of mowing, have also been reported in several studies \[[@pone.0197363.ref022],[@pone.0197363.ref023]\]. Considering the results of this study and others, nutrient depletion patterns in grasslands might therefore be difficult to generalize over different soils, vegetation types and management regimes \[[@pone.0197363.ref020]\]. At our site, the low intensity and late timing of mowing reduce the export of nutrients from the ecosystem to negligible levels. This suggests that low-intensity and late mowing help to balance soil nutritional status in grasslands. Our results indicate that low-intensity mowing enhances the accumulation of SOM, which is in line with previously reported observations from grasslands \[[@pone.0197363.ref052]--[@pone.0197363.ref054]\]. As mown meadows are cut every second year, a large proportion of above-ground biomass is available for decomposition. It has been evidenced from earlier studies, however, that root biomass and root exudation are also an important input of organic matter \[[@pone.0197363.ref054]--[@pone.0197363.ref056]\]. Higher levels of plant-available nutrients in mown meadows can be related to the differences in SOM quality between mown and unmown sites. Although we have not measured the quality of SOM, there is abundant evidence from previous studies that SOM is more susceptible to decomposition in mown grasslands than in unmown grasslands owing to larger supplies of easily degradable carbon and increased microbial activity under managed sites \[[@pone.0197363.ref057],[@pone.0197363.ref058]\].

Nutrient impoverishment accompanying secondary succession in grasslands has been poorly demonstrated to date, except in studies investigating the abandonment of previously pastured grasslands \[[@pone.0197363.ref041],[@pone.0197363.ref059],[@pone.0197363.ref060]\]. Land-use induced changes in the content of nutrients are generally very slow processes \[[@pone.0197363.ref061]\], although a period of ten years is considered long enough to permit detectable alterations in nutrient availability \[[@pone.0197363.ref002]\], which also supported by our results. Results of studies showing minor or no changes in soil properties after cessation of mowing can be attributed to the low successional rates \[[@pone.0197363.ref019],[@pone.0197363.ref062]\], while short-term experiments may not detect land-use induced changes in soil properties at all \[[@pone.0197363.ref017],[@pone.0197363.ref018]\]. Our results show that the abundance of woody species is negatively correlated with the content of SOM as well as with other soil parameters. Recent studies have shown that litter quality tends to decline with subsequent phases of succession of grasslands \[[@pone.0197363.ref063]--[@pone.0197363.ref065]\], and that the physico-chemical characteristics of plants constitute an important factor regulating the dynamics of SOM and the rates of nutrient release \[[@pone.0197363.ref066]\]. Quested et al. \[[@pone.0197363.ref065]\] found that decomposition rates of plant residuals is significantly higher in mowed grasslands than in abandoned ones. It has been previously reported that colonisation of grasslands by woody plants leads to losses of labile soil organic carbon \[[@pone.0197363.ref067],[@pone.0197363.ref068]\]. Moreover, abandonment of agricultural management favours the growth of nutrient-conservative species such as *Solidago gigantea*. This species is thought to have higher nutrient uptake rates but less degradable litter than native plants owing to the higher C:N ratio in its plant biomass \[[@pone.0197363.ref069]\]. The results of our Spearman correlation test, indicate a slight trend towards invasion-induced changes in soil properties. Considering the low content of SOM (\<5%) under *Solidago*-dominated stands reported by Szymura and Szymura \[[@pone.0197363.ref070]\], we believe the impact of this species on soil properties might become more important in longer-term successional trajectories. *Solidago* species have been found to change soil properties in several divergent ways \[[@pone.0197363.ref069],[@pone.0197363.ref071],[@pone.0197363.ref072]\]. Different effects of this species on soil properties may depend on the initial species composition, soil type and climatic conditions, which subsequently determine the direction and magnitude of ecosystem-level impacts \[[@pone.0197363.ref069],[@pone.0197363.ref073],[@pone.0197363.ref074]\]. Considering our limited knowledge on the effect of *Solidago* species on soil properties in grasslands, this matter is still far from being explored, and invasion-induced changes in soil require further examination.

Last but not least, our study revealed higher moisture content in soils from mown meadows compared to unmown sites \[[@pone.0197363.ref075]\]. We found no differences in the overall humidity of soil as expressed by EIVm, even though successional changes in vegetation composition and structure can modify evaporative water losses via intensified community transpiration rates \[[@pone.0197363.ref076],[@pone.0197363.ref077]\]. Higher moisture content in mown meadows can therefore be related to the higher SOM content in topsoil, which has a beneficial effect on water holding capacity \[[@pone.0197363.ref075],[@pone.0197363.ref078]\].

Conclusions {#sec012}
===========

This study shows that management can markedly influence both vegetation parameters and soil properties. Our findings also show that the direct effect of soil properties is likely to be much more important for species composition patterns than the direct effect of management. Changes in soil properties are attributable to abandonment and successional changes in vegetation coverage. Note that it is strongly implied that the purpose of this study was to generate conclusions about diversity and nutrient-conserving maintenance practices for semi-natural grasslands. It appears that low-intensity and late time of mowing is suitable grassland management practice to ensure sustainability of the grassland ecological system, while cessation of mowing not only lead to reduced plant species richness and diversity, but also to reduced nutrient levels in grassland soils, at least during the early stages of succession.
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